The past two decades have been marked by a surge in research to understand the microbial communities that live in association with the human body, in part stimulated by affordable, high-throughput DNA sequencing technology. In the context of the skin, this Perspective focuses on the current state of genomic-and metagenomic-based host-microbe research and future challenges and opportunities to move the field forward. These include elucidating nonbacterial components of the skin microbiome (i.e., viruses); systematic studies to address common perturbations to the skin microbiome (e.g., antimicrobial drugs, topical cosmetic/hygienic products); improved approaches for identifying potential microbial triggers for skin diseases, including species-and strain-level resolution; and improved, clinically relevant models for studying the functional and mechanistic roles of the skin microbiome. In the next 20 years, we can realistically expect that our knowledge of the skin microbiome will inform the clinical management and treatment of skin disorders through diagnostic tests to stratify patient subsets and predict best treatment modality and outcomes and through treatment strategies such as targeted manipulation or reconstitution of microbial communities.
Twenty years ago, our understanding of microbes was derived primarily from studies of what microorganisms could be isolated in culture, and our ideas about their roles in human disease were shaped by Koch's postulates. Dialog surrounding microbes was largely focused on eradication to prevent disease and promote cleanliness. Today it is increasingly recognized that the majority of microbes are not readily cultured under standard laboratory conditions and that, in fact, microbes function in the context of their communities. It is also now apparent that the microbial communities associated with our bodies are widely involved in the susceptibility and pathogenesis of human disease.
Access to next-generation sequencing technologies has greatly fueled the growing segment of biomedical research devoted to the human microbiome, the ecological community of microorganisms living in and on our bodies. Sequencing of the 16S ribosomal RNA (rRNA) gene is the predominant technique employed for surveying the bacterial composition of microbial communities. The sequence of this highly conserved gene encoding the small subunit of the ribosome is used for taxonomic identification and phylogenetic analysis of bacterial communities. Techniques pioneered by Norman Pace and colleagues allow for the amplification and sequencing of heterogeneous mixtures of 16S rRNA genes and the subsequent characterization of bacterial communities without reliance on culture-based techniques (Lane et al. 1985) . Increasing in prevalence are studies that employ whole-metagenome shotgun sequencing techniques, thus surveying all microbial DNA sequences in a community without relying upon marker genes such as 16S rRNA. Since all genetic material is recovered and sequenced by this method, functional insight into the microbial communities is gained by analyzing the functional potential encoded in the genomes, including enrichment of metabolic pathways and genes encoding virulence and pathogenicity factors.
With the ability to affordably and quickly generate large data sets came the obvious need for analysis tools and databases to interpret the sequence data obtained from microbial community surveys. Alongside next-generation sequencing technologies, the bioinformatics face of microbiome research has also evolved, from a la carte tools for classification and diversity analysis to comprehensive all-encompassing packages that take the user from sequence quality control to graphical representation of the data, for example, QIIME (Caporaso et al. 2010 ) and mothur (Schloss et al. 2009 ). Another key impetus was the NIH Human Microbiome Project, implemented in 2007 with the objective to create resources that would catalyze microbiome research, including a reference data set of microbiomes from a large cohort of healthy individuals and a catalog of microbial reference genomes.
The past 20 years have marked a substantial transformation in our views of microbes and their community associations with human health and disease. As with any nascent field of research, there are not only significant challenges but also exciting opportunities for future research. Here, in the context of the skin, we present the current state of genomic-and metagenomic-based hostmicrobe research and future prospects for the field.
The ecology of the human skin
In 1954, Albert Kligman and Donald Pillsbury, two renowned dermatologists at the University of Pennsylvania who pioneered many of the seminal culture-based studies of the skin microbiota, stated, "a great deal more remains to be learned about the forces which control the bacterial ecology of the surface of the skin" (Pillsbury and Kligman 1954) . Over 60 years later, the same statement continues to be true. With a more powerful "microscope" of DNA sequencing comes an improved ability to more comprehensively identify and classify constituents of the skin microbiota. A common theme among a number of 16S rRNA gene-based surveys and metagenomic shotgun sequencing studies to analyze the skin microbiome is that the microenvironment of the skin surface-largely defined by sebum, moisture content (eccrine and apocrine sweat), and hair follicle density-is highly associated with the bacterial community (Costello et al. 2009; Grice et al. 2009; Oh et al. 2014) . These studies also generally agree in that a few dominant taxa are stably present in varying abundances depending on microenvironment, namely, the genera Propionibacterium, Corynebacterium, and Staphylococcus (Fig. 1) , while the great majority of variability, both interpersonal and temporal, is present in the less abundant taxa that comprise the remainder. These particular genera are also readily cultured from the skin; however, culture-independent genomic and metagenomic approaches provide more precise quantification and can detect those species/strains that are less amenable to culture or may be outcompeted by other isolates in artificial culture settings.
Fungi are also a prominent feature of the skin microbiome, the dominant organisms being the lipid-dependent yeast Malassezia (Findley et al. 2013 ). However, sites on the foot (plantar heel, toenail, and toe web) contain greater fungal diversity, including the Aspergillus, Cryptococcus, and Candida species. An area of future exploration will be bacterial-fungal interaction networks of the skin and how disrupting those networks can contribute to a dysbiotic state and predispose to skin diseases. For example, fungi are believed to, in part, mediate seborrheic dermatitis (dandruff) and some forms of atopic eczema, but the pathogenesis is incompletely understood (Saunders et al. 2012) .
While it was assumed that microbes reside on the surface of the skin and within invaginations that open to the surface (e.g., sebaceous and sweat glands), an innovative approach demonstrated that microbial products are present in subepidermal compartments of the dermis and adipose tissue (Nakatsuji et al. 2013) . Employing laser capture microdissection of these compartments followed by 16S rRNA sequencing, Nakatsuji et al. (2013) provided a potential mechanism by which microbes or their products may physically interact with immune cells in tissues previously believed to be sterile in order to exert an effect on the host. Indeed, colonization with a human commensal skin microbe, namely, Staphylococcus epidermidis, tunes T-cell homing and function in an IL-1-dependent manner in mice (Naik et al. 2012 (Naik et al. , 2015 . On the other hand, deficiencies in immunity have been shown in humans and mice to result in altered cutaneous microbial communities (Chehoud et al. 2013; Oh et al. 2013) . Thus it appears that cutaneous microbial communities are intimately linked with skin innate and adaptive immune functions.
Uncharted territory and emerging frontiers of the skin microbiome
The major segment of research devoted to understanding human host-microbe interactions has focused on the GI tract. While the GI microbiota indisputably is a key constituent of human health and new functions continue to be illuminated, the skin microbiota also offers many compelling reasons for further investigation. Our skin is a major interface with the outside environment, and we are reliant on the integrity of the skin barrier to protect us from invasion by pathogenic insult. Microbial triggers are hypothesized to, in part, mediate or exacerbate many dermatological disorders, but culture-based techniques have not elucidated their identity. There are technical advantages to sampling microbiota of the skin, including accessibility and minimal invasiveness. Study designs can take into account those spatial sites that have predilection for different skin disorders, and controls can often be collected from contralateral, unaffected skin sites. Here, we identify areas that are exciting opportunities for the future of skin microbiome research.
The skin virome
Viruses, including those that infect bacteria (bacteriophages), are significant components of microbial communities, though their study is complicated by the lack of a marker gene akin to the 16S rRNA gene. Lytic bacteriophages may modulate bacterial populations through predator-prey dynamics, while phages that enter lysogeny may participate in horizontal gene transfer events that confer pathogenicity, virulence, and antibiotic resistance to their hosts. Due largely to technical limitations associated with low bioburden on the skin, the viruses that inhabit the skin and interact with the bacterial microbiota are poorly characterized. Because viral genomes are orders of magnitude smaller than prokaryotic or eukaryotic genomes, they tend to become overwhelmed by larger genomes when metagenomic shotgun sequencing of whole-microbial communities is employed.
Metagenomic shotgun sequencing of purified virus-like particles has been applied to human systems, including gut and oral viromes, revealing important characteristics of those populations, including bacteriophage replication styles and diversity, hypervariable loci, and responses to perturbations (Reyes et al. 2010; Minot et al. 2011) . In addition to technical challenges associated with isolating and purifying sufficient viral DNA or RNA for metagenomic sequencing, another major obstacle is the lacking availability of viral reference genomes, and especially those of bacteriophages. This is illustrated in Figure 2 , where ∼85% of isolated and sequenced bacteriophages were grown on only three phyla. The absence of reliable reference genomes seriously limits the utility of reference-dependent approaches for analyzing viromes, and in most metagenomic virome studies, >90% of sequences are unidentifiable compared with references (Holmfeldt et al. 2013). However, reference-independent approaches, which do not rely upon taxonomic or functional assignment, for characterizing the viral "dark matter" can provide valuable information regarding viral community diversity and dynamics. One such approach, PHACCS (Phage Communities from Contig Spectrum), quantifies "virotypes" from contig assemblies to model viral community structure and estimate diversity (Angly et al. 2005) . Increasing the number of sequenced viral genomes and further database development are necessary in order to improve methods for analyzing and characterizing viral communities.
In comparison to other body sites, very little is known about the skin virome, aside from what has been gleaned from studies that sequenced and analyzed the whole metagenome and identified and analyzed the viral fraction in the samples using reference-dependent approaches (Foulongne et al. 2012; Oh et al. 2014; Wylie et al. 2014) . Common viruses identified by these studies include Propionibacterium and Staphylococcus phages, human papillomaviruses, and Merkel cell polyomaviruses (Foulongne et al. 2012; Oh et al. 2014; Wylie et al. 2014) .
Genetic variation in microbial communities has rarely been studied, despite the important insights that can be gained regarding host-parasite interactions. The virome provides a unique opportunity to characterize patterns of variation in a natural community, due to the relatively small aggregate genome size of viruses, allowing for sequencing to a depth sufficient to assess genetic variability. In the gut virome, overall variation appears to be quite low, aside from hypervariable loci localized to predicted genes encoding tail-fibers and Ig-super family proteins (Minot et al. 2012) . It is currently unknown if similar patterns of hypervariability exist in the skin virome despite the potential that genomic diversity generation contributes to mechanisms of host-parasite interactions.
Linking metabolomics and the skin microbiome
Understanding the chemical makeup of the host substrate can provide functional insights into microbial communities and their role in disease. Chemicals present on the skin provide nutrients and metabolic substrates for the microbiota, but in turn, the microbiota may also alter their chemical environment. For example, the skin commensal Propionibacterium acnes utilizes the triglycerides in sebum, cleaving them to free fatty acids that then serve to acidify the skin and also potentially promote adherence of the bacteria to the skin (Gribbon et al. 1993) . As mentioned earlier, the characteristics of the topographical skin site sampled are strongly associated with the microbial communities, where sebaceous areas are strongly associated with Propionibacterium colonization, moist areas are associated with Staphylococcus and Corynebacterium, and dry areas tend to be highly diverse and transient. A recent study combined mass spectrometry with 16S rRNA microbiome sequencing to develop a 3D map of the skin surface (Bouslimani et al. 2015) . As expected, Propionibacterium colocalized with molecules hypothesized to be products of sebum metabolism. A surprising finding was that the majority of the spectra (>80%) were not identifiable compared with references, indicating that the vast majority of molecules on the skin are uncharacterized. A major portion of those molecules that matched reference traces was derived from hygiene products applied to the skin. This indicates that daily skin care routines have a lasting effect on the chemical makeup of the skin surface and likely impact the skin microbiome, though few data exist in this area.
Wound healing is another area where metabolomics could be applied to further understand the context and functional significance of microbial communities. For example, targeted metabolomics revealed that diabetes alters the metabolic profiles of skin and wounds (Sood et al. 2015) . In a mouse model of impaired diabetic wound healing, carnitine, glucose, and 3-nitrotyrosine were significantly increased in diabetic wounds compared with nondiabetic wounds. The presence and/or abundance of these metabolites may, in part, explain earlier studies that showed large differences in the microbiota colonizing diabetic wounds compared with nondiabetic wounds in the same mouse model (Grice et al. 2010) , and further studies to characterize the wound-associated bacterial metabolic profiles could provide this information.
Microbe hunting in the skin
For some skin disorders, a role for microbial triggers and/or modulators has been proposed and investigated using genomic and metagenomic approaches. For example, flare states of the common childhood skin disorder atopic dermatitis (AD; "eczema") are associated with increases in Staphylococcus aureus and decreases in overall skin microbial diversity (Kong et al. 2012) . In a mouse model of AD (ADAM17-deficiency), S. aureus drives eczematous dermatitis (Kobayashi et al. 2015) . Another example is acne vulgaris, in which involvement of P. acnes is proposed as a pathogenic factor. The relative abundance of P. acnes does not appear to be significantly different on acne skin compared with healthy skin, but genomic analysis demonstrated that certain strains of P. acnes are highly associated with acne (Fitz-Gibbon et al. 2013) . Genomic analysis of these strains revealed genomic islands and a linear plasmid containing genes encoding potential pathogenicity factors. However, the role of the microbiota is uncertain and less obvious in other dermatological disorders, and microbial triggers are sometimes hypothesized for disorders of unknown or uncertain etiology. For example, Borrelia burgdorferi infection is proposed to be associated with morphea (Weide et al. 2000) ; P. acnes and Mycobacterium have been proposed as infectious agents in sarcoidosis (Furukawa et al. 2009; Saidha et al. 2012; Eishi 2013) . Bacterial involvement has also been proposed in hidradenitis suppurativa, though it is less clear if bacterial infection is a primary or secondary event (van der Zee et al. 2012).
A negative culture finding does not necessarily preclude the hypothesis of an infectious trigger or modulator of disease, since the limitations of cultures are now widely acknowledged. Identifying a causative organism can be challenging, especially for microorganisms such as viruses, whose genomes do not contain a readily amplified marker gene. Feng et al. (2008) applied an elegant "metatranscriptomic" approach to Merkel cell carcinoma (MCC), a rare but highly aggressive cutaneous malignancy. By employing "digital transcriptome subtraction" to select foreign (i.e., microbial) sequences in cDNA libraries derived from MCC, a fusion transcript of a viral gene and a human receptor tyrosine phosphatase was identified (Feng et al. 2008) . Further analysis identified sequences of a previously undescribed polyoma virus, subsequently named Merkel cell polyomavirus (MCPyV), in association with tumors and less often with healthy tissues. Because MCPyV has been identified as a common feature of the healthy human skin microbiota, its role in MCC has been widely debated, and other factors are suggested to be at play, including the host immune system and viral mutation (Amber et al. 2013) . Other skin cancers have been investigated with similar approaches in search of viral integration, but the results have largely been negative . However, this type of sequencing and bioinformatics approach could potentially be useful in identifying microbial agents that trigger and/or modulate skin disease of unknown etiology. In a similar manner, RNA-seq of skin from patients with systemic sclerosis, an autoimmune disease, identified sequences from the environmental yeast Rhodotorula (Arron et al. 2014). There was no evidence of these sequences in RNA-seq data from normal skin. These findings raise a number of hypotheses to be tested, including cause-and-effect relationships between Rhodotorula and systemic sclerosis. By use of similar approaches, it is possible that microbial triggers could be identified for those diseases that have mystified dermatologists for decades.
Dissecting causation vs. consequence
Moving from descriptive data sets to the mechanism has been a major challenge for the overall field of microbiome research. The situation is not unlike that of genome-wide association studies, where lists of disease-associated variants are readily produced and available, but understanding the functional consequences of each variant is an ongoing challenge. If a particular microbe or microbial community is found to be associated with a disease, then the next logical step is to show that the microbe or microbial community causes the disease. Germ-free and gnotobiotic mice are the major tools used for functional validation of microbes and microbial communities in conferring a particular phenotype. Usually this involves isolating the microbe in the disease state, which can be a challenge in itself depending on the amenability of the microbe to culture and isolation. Then the isolated microbe is transferred to the germ-free mouse, and the phenotype of the mouse is monitored to see if the disease phenotype develops.
In some circumstances for skin-specific studies, the utility of these models can be called into question. Mouse skin is inherently histologically and biochemically different than human skin and, not surprisingly, naturally supports different populations of microbes. Mouse sebum is biochemically distinct from human sebum, containing vastly lower amounts of free fatty acids and practically no triglycerides, where human sebum is composed of >50% free fatty acids and triglycerides (Nikkari 1974) . A likely result of this is that P. acnes, a microbe that produces lipases that cleave triglycerides to free fatty acids, is only a minor component of the mouse skin microbiome. Additionally, another key human skin commensal, S. epidermidis, does not naturally colonize murine skin, which typically hosts Staphylococcus xylosus and Staphylococcus saprophyticus. Most mouse strains have hair that needs to be removed to access the skin and the microbiota colonizing the skin, and this process alone may be disruptive to naturally occurring microbiota. With regards to cutaneous wound healing, the mouse heals by contraction more so than by re-epithelialization, which is in direct contrast to wound healing processes in human skin. Many skin diseases common in humans are not naturally recapitulated in mice, including acne, AD, and psoriasis, though models have been created that recapitulate key features. New models, such as organotypic three-dimensional skin models now used in cancer research (Ridky et al. 2010 ) may offer feasible, more biologically and clinically relevant, alternatives to the mouse for mechanistic experiments dissecting host-microbe interactions of the skin. These models are also not without caveat, as they do not recapitulate skin appendages and do not include adaptive immune responses.
Demonstration of causation in human populations is even more difficult, though recently there have been considerable pushes toward human-centric research, in light of findings that mouse models may poorly mimic human situations (Seok et al. 2013 ). Longitudinal study designs, for example, through the course of disease where there is relapse and remission or through treatment courses, have the potential to offer greater mechanistic insight than cross-sectional study designs. In light of temporal variability being a personalized feature of the human microbiome and the observation that the skin microbiome varies the most over time compared with other body habitats (Flores et al. 2014) , the ideal clinical study design would incorporate longitudinal sampling to better understand disease pathogenesis. As illustrated in Figure 3 , different microbiomic metrics can be monitored over time and overlaid with clinically relevant events to raise hypotheses regarding microbial causation of clinically relevant events and outcomes. Figure 3 illustrates an example from a patient with an acute traumatic wound whose wound microbiota was monitored at every clinical intervention and follow-up visit to the clinic. A complication in this patient, consisting of failure to heal and infection, was associated with increased levels of Moraxellaceae and low bacterial diversity.
Approaches such as the recently described IgA-seq (Palm et al. 2014) , where those bacteria highly coated with IgA are presumed to be pathogenic, may also help elucidate causation in human disease. Other techniques also utilizing flow sorting have identified active microbes in the human GI tract and their transcriptional responses to xenobiotics (Maurice et al. 2013) . Similar principles could be applied to the skin microbiota, where it is unclear based on DNA sequence alone if the microbiota sampled are alive or dead.
Impact of perturbation
It is well known that antibiotics affect the gut microbiota and, in some cases where the individual is immunosuppressed, can also lead to life-threatening consequences such as infection with a multi-drug-resistant organism. Antibiotics are frequently prescribed by dermatologists, due to the high frequency and chronicity of cutaneous diseases, such as acne. However, systematic studies addressing how antimicrobials, oral or topical, affect the skin microbiome and the pervasiveness of the effects are lacking. Peripheral observations suggest a link, where treatment of acne with doxycycline is associated with Gram-negative folliculitis (Leyden et al. 1973) . Data are also lacking regarding how the use of soaps, antiseptics, emollients, and cosmetics influences our skin microbiome. The skin takes the brunt of UV exposure, but how UV affects microbial communities is also unknown. Bacteriophages can be induced to replicate and lyse their host upon UV exposure, so an intriguing hypothesis is that UV exposure can change the composition of bacterial communities via predator-prey dynamics between bacteriophages and their hosts. Systematic studies of how these and other perturbations affect the skin microbiome are in high demand, as it becomes increasingly apparent that disruption of human microbiota may result in adverse outcomes.
The future of the microbiome and medicine
The accessibility and plasticity of the skin microbiome render it an ideal candidate for clinical diagnostic and therapeutic applications. Microbes are exquisitely responsive to their surroundings, a feature that could be taken advantage of for the development of clinical biomarkers for prognostic and predictive applications. Using a simple swab to sample the microbes, one can envision a clinical diagnostic test that would assign the risk of developing a particular skin disease or suffering a complication or nonideal outcome. For example, the microbes residing in a wound environment may offer clues about that wound's likelihood to go on to develop an infection-related complication. Those clues may be apparent in multiple dimensions of the microbiota, including microbial diversity, microbial load, or presence/absence or abundance of specific types of microbes. Identifying those patients at risk for developing a complication can inform management and treatment strategies to avoid a poor outcome. The microbiome could also be used to stratify patient populations and thus personalize treatment approaches.
Restoring microbial health on the skin is also an area of opportunity, but it needs to be informed by more thorough identification of which microbes are beneficial or harmful. The undeniable success of gut microbiome transplantation to treat Clostridium difficile infection (Austin et al. 2014 ) has raised the question if such approaches have utility in treating skin dysbiosis, for example, for the treatment of AD, which is characterized by an outgrowth of S. aureus during disease flares. Probiotic and prebiotic skin treatments are now being widely explored, but they could gain from more thorough investigation of which microbes are providing benefit. 
Conclusion
The past two decades have illuminated the role of microbial communities in health and disease. It is expected that the field of microbiomics and metagenomics will continue to evolve alongside rapidly advancing sequencing technologies and improved bioinformatics tool development. 16S rRNA gene sequencing will likely continue to be a key approach for describing the composition and diversity of microbial communities. However, techniques such as metagenomic and metatranscriptomic sequencing will become more widely employed, given the rich data sets gained from these techniques and their potential for functional insights. Here we have identified challenges and opportunities for skin microbiome research that need to be addressed in order to move the field forward in the future, including: (1) increased understanding of the nonbacterial components of the skin microbiome such as the viruses; (2) integration of metabolomics data to better understand the environmental and functional context of microbial communities; (3) improved approaches for identifying potential microbial triggers for skin diseases; (4) systematic studies to address common perturbations to the skin microbiome, including antibiotics, antiseptics, cosmetics, hygienic products, and UV; and (5) improved, clinically relevant models for studying the functional and mechanistic roles of the skin microbiome. A reasonable goal for the next 20 years is that microbiomic and metagenomic science will routinely inform clinical management and treatment of skin disorders, through diagnostic tests to stratify patient subsets, predict best treatment modality and outcomes, and through treatment strategies such as targeted manipulation of microbial communities.
